In previous studies, we demonstrated that both endothelium-dependent flow-induced vasodilation and endothelium-independent myogenic responses occur in porcine coronary arterioles. However, it was not established whether these responses are present in the coronary venular microcirculation. The aim of this study was to test the hypotheses that 1) coronary venules, like arterioles, exhibit flow-induced dilation and myogenic responsiveness, and 2) venular flow-induced dilation is endothelium-dependent and is mediated by the release of a nitrovasodilator. Experiments were performed in porcine subepicardial coronary venules, 80-120 ,um in diameter, by using cannulated isolated vessel techniques to allow intraluminal pressure and flow to be independently controlled. Flow was initiated by simultaneously moving two perfusion reservoirs connected to the cannulating pipettes in equal amounts but in opposite directions. In the absence of flow, i.e., zero pressure gradient (AP) between the two reservoirs, venules developed spontaneous tone to 75-80% of maximum diameter at 10 cm H20 intraluminal pressure. Venules gradually dilated in response to stepwise increases in flow (i.e., AP). The threshold for the flow-induced dilation occurred at AP=1 cm H20 (flow=3.5 nl/sec), and the maximal response (dilation to 93+±2% of maximum diameter) occurred when AP was elevated to .6 cm H20 (flow=21 nl/sec at AP=6 cm H20).
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In previous studies, we demonstrated that both endothelium-dependent flow-induced vasodilation and endothelium-independent myogenic responses occur in porcine coronary arterioles. However, it was not established whether these responses are present in the coronary venular microcirculation. The aim of this study was to test the hypotheses that 1) coronary venules, like arterioles, exhibit flow-induced dilation and myogenic responsiveness, and 2) venular flow-induced dilation is endothelium-dependent and is mediated by the release of a nitrovasodilator. Experiments were performed in porcine subepicardial coronary venules, 80-120 ,um in diameter, by using cannulated isolated vessel techniques to allow intraluminal pressure and flow to be independently controlled. Flow was initiated by simultaneously moving two perfusion reservoirs connected to the cannulating pipettes in equal amounts but in opposite directions. In the absence of flow, i.e., zero pressure gradient (AP) between the two reservoirs, venules developed spontaneous tone to 75-80% of maximum diameter at 10 cm H20 intraluminal pressure. Venules gradually dilated in response to stepwise increases in flow (i.e., AP). The threshold for the flow-induced dilation occurred at AP=1 cm H20 (flow=3.5 nl/sec), and the maximal response (dilation to 93+±2% of maximum diameter) occurred when AP was elevated to .6 cm H20 (flow=21 nl/sec at AP=6 cm H20).
Flow-induced dilation was abolished after the endothelium was damaged by perfusion of an air bolus through the lumen. Vasoconstriction was observed when denuded venules were subjected to relatively high luminal flows (>21 nl/sec). Flow-induced dilation was completely blocked after inhibition of nitrovasodilator synthesis by NG-monomethyl-L-arginine, and this inhibition was reversed by subsequent treatment with L-arginine. Coronary venules exhibited weak myogenic responses, and the venular pressure-diameter relation was not altered by endothelial denudation. From these results, we conclude that flow-induced vasodilation in isolated porcine coronary venules is endothelium dependent and mediated by the release of a nitrovasodilator. Flow-induced constriction after endothelial removal suggests that vascular smooth muscle may respond directly to increases in shear stress. (Circulation Research 1993;72:607-615) KEY WORDs * arterioles * endothelium * endothelium-derived relaxing factor * nitric oxide * subepicardial venules * flow-induced response * myogenic response * coronary microcirculation * pigs C oronary blood flow is mainly controlled by the small arterioles, which impose the majority of the resistance to flow,1 but the venous microvasculature can contribute greater than 30% of total coronary resistance under conditions of intense vascular dilation.2 In organ systems other than the heart, it has been suggested that postcapillary venules actively participate in the regulation of capillary pressure and fluid filtration through changes in venular resistance,3-5 but whether this concept applies to the coronary circulation remains unknown. Therefore, it is important to understand how coronary venules respond to the changes in flow and pressure that occur during alterations in the metabolic and mechanical activity of the heart.
We tested the hypothesis that coronary venules, like arteries, exhibit endothelium-dependent flow-induced dilation and that this response is mediated by release of a nitrovasodilator. Although we have previously demonstrated that an endothelium-derived nitrovasodilator is responsible for flow-induced vasodilation in porcine coronary arterioles,6 it cannot be assumed that such a substance is released from venules. Because vascular endothelial cells exhibit functional heterogeneity (arterial versus venous) in the release of vasoactive substances in response to specific pharmacological stimuli,7,8 the venular response to an increase in flow may be different from the arteriolar response.
We also hypothesized that coronary venules exhibit a myogenic response and that this response is endothelium independent. The rationale for this hypothesis was based on observations that venous vessels from several different tissues exhibit a stretch-activated response.9,10 Whether coronary venules also possess myogenic properties has not been established. In addition, the possible role of the endothelium in the regulation of venular tone by pressure has not been elucidated.
To accomplish these goals, venules (80-120 ,um) from porcine subepicardium were isolated, cannulated, and studied in vitro. The flow-and pressure-diameter relations were examined before and after endothelial disruption. The nature of the vasoactive substance induced by flow was assessed by selective pharmacological blockade.
Materials and Methods General Preparation
Pigs (10±4 kg, either sex) were sedated with ketamine (2.5 mg/kg i.m.) and Rompun (2.25 mg/kg i.m., Haver-Lockhart, Cutter Laboratories, Shawnee, Kan.), anesthetized with pentobarbital sodium (20 mg/kg) via an ear vein, intubated, and ventilated with room air. After a left thoracotomy, heparin (1,000 units/kg) was administered into the left atrium, and the heart was electrically fibrillated, excised, and immediately placed in cold (4°C) saline solution.
The techniques for identification and isolation of coronary microvessels have been described previously. 6, 11 In brief, a mixture of india ink and gelatin in physiological salt solution (PSS) containing (mM) NaCl 145.0, KCI 4.7, CaCl2 2.0, MgSO4 1.17, NaH2P04 1.2, glucose 5.0, pyruvate 2.0, EDTA 0.02, and MOPS buffer 3.0 was perfused into the left anterior descending coronary artery (3 ml) and the circumflex coronary artery (2 ml) to enable visualization of the coronary microvessels. At 4°C, small branches (0.5-0.8 mm in length and 80-120 ,um i.d.) of the great cardiac vein from the subepicardium of the right ventricle were selected and dissected from surrounding cardiac tissue and transferred for further dissection to a dish (4°C) containing filtered PSS-albumin (bovine serum albumin, 1 g/100 ml PSS; US Biochemical Corp., Cleveland, Ohio) solution at pH 7.4. After careful removal of any remaining cardiac tissue, a venule was then transferred for cannulation to a Lucite vessel chamber containing PSS-albumin solution equilibrated with room air at ambient temperature. One end of the venule was cannulated with a glass micropipette (40-,um i.d. tip filled with filtered PSS-albumin solution), and the venule was securely tied to the pipette with 11-0 ophthalmic suture. The ink-gelatin column inside the vessel was flushed out at low perfusion pressure (10 cm H2O). The intraluminal pressure was fixed at 10 cm H20 to maintain an open lumen and thus avoid mechanical damage to the endothelial cells.12 Any small side branches were ligated, and then the other end of the vessel was cannulated with a second micropipette and secured with suture. Electrical resistances (measured by LCR Bridge Circuit, model LCR-740, Leader Electronics Corp., Japan) of the two pipettes were matched (±0.5%).
Instrumentation
After the vessel was cannulated, the preparation was transferred to the stage of an inverted microscope (model IM35, Carl Zeiss, Thornwood, N.Y.) coupled to a Dage-MTI camera (model 67M, Newvicon, Michigan City, Ind.), video micrometer, and video recorder (Panasonic). Internal diameters were measured manually throughout the experiment by video microscopic
To study flow-induced responses without interference from possible myogenic responses, a dual-reservoir system was used to maintain a constant intraluminal pressure over a wide range of flows. 13 In brief, the micropipettes were connected to independent reservoir systems, and intraluminal pressures were measured through sidearms of the two reservoir lines by lowvolume displacement strain-gauge transducers (Statham P23 Db, Gould, Cleveland, Ohio). The isolated vessels were pressurized without flow by setting both reservoirs at the same hydrostatic level (with no pressure gradient between the reservoirs). The recorded intraluminal pressure of the vessel should equal the actual hydrostatic pressure of the reservoirs if there are no leaks in the vessel. Any preparations with leaks were excluded from the data analysis. Flow was initiated by simultaneously moving the reservoirs in equal and opposite directions, thus generating a pressure gradient (zAP, [inflow pressure-outflow pressure]). Because the resistances of both cannulation pipettes were equivalent, movement of the reservoirs in this manner did not alter midpoint luminal pressure.13 Thus, flow-induced responses could be studied by perfusing the vessel at different flow rates (i.e., at various pressure gradients) without changing intraluminal pressure. To study myogenic responses without the interference of flow, the outflow pipette was disconnected from the reservoir and connected directly to a pressure transducer.
Experimental Protocols
Protocol 1: Do coronary venules exhibit flow-induced dilation? To address this question, the cannulated vessel was bathed in the chamber containing PSS-albumin solution, and the temperature was maintained at 36-37°C by an external heat exchanger. The vessel was set to its in situ length'1 and allowed to develop tone at 10 cm H20 intraluminal pressure without flow. After the vessel developed spontaneous tone, flow was initiated by equal and opposite movements of the two reservoirs. Diameter was measured at each level of flow corresponding to AP of 1, 2, 4, 6, 10, or 20 cm H20 and again at zero flow (AP=0). Flow rate in the range of AP studied was determined in separate calibration experiments. The method for flow calibration was described in detail previously.13 AP over the range of 1-20 cm H20 corresponded to volumetric flow rates of 3.5-70.4 nl/ sec. In this protocol, we determined if each vessel responded to flow in both directions. Protocol 2: Do coronary venules exhibit myogenic responses? To study the myogenic response, the relation between intraluminal pressure and vessel diameter was examined under no-flow conditions. Initially, the vessel was allowed to develop spontaneous tone at 10 cm H20 luminal pressure, and then the pressure was increased in 5-cm H20 steps to 30 cm H20 and then to 40 cm H20.
The luminal pressure was then reduced to the control level and then further reduced to 5 and 2 cm H20.
Finally, the intraluminal pressure was again returned to 10 cm H2O. At each step, the pressure was maintained until a stable luminal diameter was observed (2-4 minutes).
Protocol 3: Do flow-and pressure-induced responses depend on an intact endothelium? To examine the involvement of the endothelium in flow-and pressuretechniques.o 1 induced responses, protocols 1 and 2 were conducted before and after endothelial disruption. Endothelial cells were removed or disrupted by intraluminal injection of an air bolus, which has been proven to be a satisfactory procedure in isolated small vessels.'4 After control responses were obtained in the presence of intact endothelium, one end of the vessel was untied and freed from the micropipette. The micropipette was raised out of the tissue bath, and air was drawn into the tip by suction. Then the vessel was recannulated and secured with a suture. To prevent intraluminal pressure from exceeding 30 cm H20 during air perfusion, the other end of the vessel was then freed from the micropipette to reduce the perfusion resistance. Endothelial cells were disrupted by perfusing a bolus of air into the lumen of the vessel for 5-10 minutes, and then the vessel was refilled with PSS-albumin solution. After this procedure, the other end of the vessel was recannulated and retied to the micropipette. The vessel was then allowed to equilibrate at 10 cm H2O luminal pressure for 60 minutes to regain vascular tone. Only the vessels that regained spontaneous tone were included for data analysis. The efficacy of endothelial disruption was verified by the abolition of the vasodilator response to the endothelium-dependent vasodilator bradykinin. Dose-response curves for bradykinin were compared before and after endothelial disruption.
Protocol 4: Is a nitrovasodilator responsible for flowinduced dilation of coronary venules? To address this question, another series of experiments was performed before and after administration of a selective and competitive inhibitor of nitric oxide synthesis, NGmonomethyl-L-arginine (L-NMMA).1516 After the cannulated vessel developed spontaneous tone and a control flow-diameter relation was constructed, L-NMMA (10-5 M, Calbiochem Corp., La Jolla, Calif.) was introduced into the bath for 60 minutes, after which the flow-diameter relation was reexamined. To ascertain the specificity of the L-NMMA blockade, L-arginine (3 mM), a physiological precursor for the synthesis of nitrovasodilator,16 was added to the L-NMMA-treated vessel for 60 minutes, and the effect of flow was reexamined. L-Arginine should reverse the effects of L-NMMA if the block is specific. 15'16 Finally, at the end of each experimental protocol, vessels were maximally dilated with nitroprusside (10`4 M) in PSS-albumin solution. The same steps of pressure and flow changes as mentioned above were performed to determine the passive pressure-diameter relation and the flow-diameter relation.
Drugs were obtained from Sigma Chemical Co., St. Louis, Mo., except where specifically stated. All drugs were dissolved in PSS solution and administered to the bath surrounding the vessel.
Data Analysis
For analysis of the effects of pressure, flow, and bradykinin on vascular tone, the internal diameters of the vessels were normalized to the maximally dilated diameter at 10 cm H2O luminal pressure in the presence of nitroprusside (10`4 M). Normalized diameters were averaged at each flow or pressure step or at each dose of drug. All data are reported as mean+SEM. Statistical comparisons between groups and within groups were made with factorial or repeated-measures analysis of variance tests with Fisher's least significant difference multiple-range tests when appropriate. Significance was accepted at p<0.05.
Results
In the present study, approximately 85% of the cannulated subepicardial venules developed spontaneous tone within 45 minutes at 10 cm H2O intraluminal pressure and 36-37°C bath temperature. Only vessels with spontaneous tone were used for further study. In Figure 1 , the response of an isolated coronary venule (82 gm) to flow is shown with the endothelium intact and then after endothelial disruption. With the endothelium intact, note that at constant mean intraluminal pressure (10 cm H20) a graded vasodilation was observed when AP, and thus flow, was increased in a stepwise manner ( Figure 1A ). When flow was stopped, the diameter returned to control within 4 minutes ( Figure 1A) . Disruption of the endothelium by perfusing the vessel with a bolus of air did not significantly alter the spontaneous tone of this vessel (84 ,um) but was associated with a gradual constriction when flow was subsequently increased ( Figure 1B ). The venular diameter decreased to 73 gm when AP was increased to 20 cm H2O. This constriction was not caused by a pressure change, because flow in the opposite direction (i.e., moving the reservoirs by the same amount in the opposite direction) resulted in a constriction to 75 ,um (not shown). The diameter returned to the control value within 2 minutes after flow was stopped.
The flow-dependent responses from seven subepicardial venules with intact endothelium are summarized in Figure 2 . In the control state (at 10 cm 120 intraluminal pressure without flow), vessels exhibited spontaneous tone, causing constriction to 82+2% (107+4 ,um) of maximum diameter (i.e., compared with their diameters in the nitroprusside solution). The vessels dilated to 93±2% of maximum diameter when AP was increased to 6 cm H20 (Figure 2 ). At higher flows (AP= 10 and 20 cm H20), a slight vasoconstriction (2-4% of control diameter) after initial dilation was observed in three of seven vessels (as shown in Figure 1A ), whereas the four other vessels only slightly increased their diameters. The average diameter of all vessels at AP= 10 and 20 cm H20 did not differ from the average diameter at AP=6 cm H20. All vessels exhibited similar flow-diameter relations when flow was perfused in an opposite direction. The flow-induced response after disruption of endothelium is also summarized in Figure 2 . These vessels (n=6) tended to develop a higher vascular tone within 45 minutes at zero-flow condition. However, there was no statistical difference in the level of spontaneous tone developed before and after endothelial disruption (Figure 2) . The endothelium-disrupted vessels gradually constricted to the graded increases in luminal flow (p<0.05 for control versus AP.6 cm H20), although the maximal decrease in diameter was approximately 10% of the control diameter when AP was increased to 20 cm H2O (Figure 2 ). Flow-induced constriction of a similar magnitude was observed when flow was perfused in an opposite direction in the endothelium-disrupted vessels. All diameters gradually returned to the control values after luminal flow was stopped.
The responses of an isolated coronary venule to step changes in luminal pressure are shown in Figure 3A However, the steady-state diameter was constant only over the range of luminal pressures between 10 and 20 cm H20. After reducing the luminal pressure from 40 to 10 cm H20, the venular diameter initially decreased and then gradually returned to the control value. The pressure-diameter relation for isolated coronary venules is summarized in Figure 3B . Under control conditions, the vessels developed spontaneous tone to 79+1% (96±+6 ,um, n=12) of maximum diameter. Nine vessels were Graph showing that, in intact vessels, flow induced a significant dilation when the pressure gradient was increased to >2 cm H20. In contrast, endothelial disruption caused gradual constriction of the venules to graded increase in flow (p<O.O5 at a pressure gradient of .6 cm H20). *Diameters significantly different from the resting diameters without flow (pressure gradient ofzero).
able to completely (n=7) or partially return (n=2) their diameters to the control levels. Three other vessels constricted slightly below their control diameters (as shown in Figure 3A ). The average response was no change in the steady-state diameter when pressure was increased to 15 cm H20 ( Figure 3B ). During further sequential elevation of luminal pressure (20, 25, 30 , and 40 cm H20), all vessels showed a slight myogenic constriction after an initial phase of distention but failed to regain their initial diameter in the steady state. This resulted in a graded dilation with pressure elevation ( Figure 3B ). When luminal pressure was lowered from the control level (10 cm H20) to 5 and then to 2 cm H20, a graded decrease in diameter was observed. In contrast, in the presence of nitroprusside (10-4 M), all vessels maximally dilated and behaved passively with pressure changes so that the lumen collapsed at lower pressures (2 and 5 cm H20) and passively distended without any active constriction after elevation of intraluminal pressures. Endothelial disruption did not affect the level of spontaneous tone at 10 cm H20 or the pressure-diameter relation ( Figure 3B ). Figure 4 summarizes the evidence for functional impairment of the endothelium after air perfusion. Initially, at 10 cm H2O luminal pressure without flow, the intact vessels exhibited spontaneous tone to 74±2% Average pressure-diameter relations of isolated coronary venules plotted before and after disruption of endothelium. Venules developed spontaneous tone at the resting luminal pressure (10 cm H20). The vessels maintained a relatively constant diameter when luminal pressure was increased from 10 to 15 cm H20 (all diameters presented are steady-state diameter). Further sequential elevation of luminal pressure (20, 25, 30 , and 40 cm H20) produced a gradual increase in steady-state diameter. When luminal pressure was lowered from the resting level to 5 and then to 2 cm H20, significant decreases in diameter were observed. There were no significant differences in the pressure-diameter relations between intact and the endotheliumdisrupted vessels. The vessels dilated maximally in the presence ofnitroprusside (10-4 M) and exhibited passive diameter changes as a function of pressure. *Diameters significantly different from those at 10 cm H20 luminal pressure.
vasodilation of denuded vessels compared with that of intact vessels (Figure 4 ).
To test for the release of a nitrovasodilator from the endothelium induced by flow, pharmacological blockade of nitric oxide formation was accomplished by the administration of arginine analogue L-NMMA. In PSSalbumin solution (control), all venules significantly dilated to flow when AP was increased between 0 and 6 cm H20. At higher flow rates (AP=10 and 20 cm H20), three of 10 vessels slightly constricted, three vessels slightly dilated, and four vessels maintained their diam- the venular responses to the endothelium-dependent agonist bradykinin were tested and are plotted before and after air perfusion. NP, nitroprusside. The control vessels, with intact endothelium, dilated to bradykinin in a dose-dependent manner. After disruption of endothelium, the vessels developed comparable spontaneous tone in the intact vessels but were significantly constricted at higher doses ofbradykinin. *Diameters significantly different from the resting diameters. eters at these high flows (as in Figure 2 ). L-NMMA did not significantly increase vascular tone (p>0.05) under conditions of zero flow and completely inhibited flowinduced dilation ( Figure 5 ). In the absence of flow, L-arginine (3 mM, 60 minutes) did not alter vascular tone but reversed the inhibitory effect of L-NMMA on the flow-diameter relation ( Figure 5 ). . To test whether a nitrovasodilator was responsible for flow-induced dilation, experiments were performed and are plotted before and after administration of NG-monomethyl-L-arginine (L-NMMA). In physiological saline-albumin solution (control), venules significantly dilated to flow when the pressure gradient was >2 cm H20. Flow-induced dilation was abolished when the vessels were incubated with L-NMMA (10`5 M) for 60 minutes, and this inhibitory response was reversed after adding L-arginine (L-Arg, 3 
Discussion
The major findings of the present study are that isolated coronary venules 1) develop spontaneous tone, 2) exhibit flow-induced dilation, which is likely to be mediated by the release of a nitrovasodilator from the endothelium, 3) show flow-induced constriction after removal of the endothelium, and 4) show weak myogenic responses that are endothelium independent. We speculate that these inherent properties of coronary venules may be important in the normal regulation of myocardial blood flow and fluid filtration. To provide a perspective for our results, critical aspects of our study including methodological considerations such as the viability of the preparations, use of the dual-reservoir system, efficacy of the denudation procedure, and the relation of our findings to other studies will be discussed.
Methodological Considerations
Since the coronary venules studied were small and only composed of one or two layers of smooth muscle,17 great care was required to minimize possible damage to the vessels during dissection. In this regard, we used an ink-gelatin technique to facilitate the visualization and thus the dissection of coronary microvessels. 6"11,13,18 In our experience, coronary venules are almost collapsed at the very low intraluminal distending pressures that exist in the excised heart. Recently, it has been shown that vessel collapse during dissection may cause damage of endothelial cells.'2 In the present study, this was avoided by quickly excising the heart and rapidly perfusing the coronary arteries with a mixture of india ink-gelatin solution until the coronary venules were completely filled. Because the gelatin concentration was prepared to solidify at a temperature of <20°C, the ink-gelatin mixture became a solid column inside the vessel within a few minutes at 4°C. Thus, the vessels were maintained in a relatively distended state throughout the course of dissection and isolation. This technique aided not only visualization of the venules but likely helped to maintain endothelial cell integrity. In previous studies,6"11 we have demonstrated that the ink-gelatin technique does not alter normal vascular reactivity. Most importantly, approximately 85% of the isolated venules developed spontaneous tone, a success rate similar to our previous studies of isolated coronary arterioles.6"'113'18 In addition, these vessels responded to physiological stimuli, e.g., flow and pressure, as well as pharmacological agonists (bradykinin and nitroprusside), suggesting that the viability of the vessels was preserved during the course of isolation.
Two lines of evidence argue against the possibility that the observed venular responses to flow were due to changes in luminal pressure rather than flow. First, if the observed flow-induced response resulted from a pressure effect (due to unbalanced micropipettes), the vasodilation observed during perfusion in one direction would become a vasoconstriction when the vessel was perfused in the opposite direction, and vice versa. However, flow-induced responses were not affected by changing the direction of perfusion. Second, at the end of the experiments when the vessels were maximally dilated with nitroprusside, no passive changes in luminal diameter were observed during changes in flow. The under these conditions indicated that intraluminal pressure did not change during flow alterations. These results strongly support our contention that the venular responses resulted from changes in flow instead of pressure.
With regard to the method of denudation, we have previously shown that mechanical abrasion is an optimal way to selectively remove the endothelium in small coronary arterioles (60-100 gtm) without damaging vascular smooth muscle. 18 Since venules are more fragile than arterioles, we used an air bolus perfusion to disrupt endothelial cells to avoid any trauma possibly produced by mechanical abrasion. This technique has been used for endothelial disruption in small arteries (350-550 ,m)14 and arterioles (40-250 ,um) . 19 It has been reported that overdistention of the microvascular wall by a high luminal pressure may cause irreversible vascular damage.'8 To minimize the damage possibly caused by the sharp increase in venular pressure during air perfusion, one end of the vessel was disconnected from the micropipette, and air was slowly perfused into the lumen at a low pressure (10 cm H20). After this endothelial disruption procedure, there were no noticeable changes in spontaneous tone. Successful ablation of endothelial function of the vessel was evident from the development of spontaneous tone and constriction, instead of dilation, in response to the endotheliumdependent vasodilator bradykinin (Figure 4 ). Furthermore, endothelium-independent vasodilation to nitroprusside was not altered after air perfusion. These results indicate that the viability of the smooth muscle was preserved after endothelial disruption.
There are several limitations to this study. First, the bathing solution for isolated vessels was equilibrated with room air. Thus, the Po2 in bathing solution, 138-145 mm Hg, may be unphysiological for coronary venules. However, it has been shown that reduction of Po2 from 640 to 1 mm Hg did not significantly alter the contractile responsiveness of saphenous vein to norepinephrine either in the presence or absence of an intact endothelium.20 This suggests that vascular reactivity of the saphenous vein is not affected by the different levels of Po2. However, whether this is also true for coronary venules is not known. To answer this question, further investigations of the effect of Po2 on coronary microvascular activity are necessary. Second, the vessels in this study were perfused under nonpulsatile conditions. It has been reported that coronary venular (9-30 gm in diameter) red blood cell velocity in the canine beating heart (epicardium) was 3.5 and 1.6 mm/sec for the systolic and diastolic phase of the cardiac cycle, respectively.2' In the present study, the 1-20 cm H20 pressure gradient corresponded to a velocity range of 0.32-6.4 mm/sec, which encompasses the range of red blood cell velocities reported for coronary venules in vivo.2' We believe that the flow velocities we studied can be considered to extend over a large portion of the physiological range. In addition, it has been shown that flow-induced release of endothelium-derived relaxing factor is modulated both by the frequency and amplitude of pulsatile flow.22 Thus, it is likely that the coronary venular responses to flow may be enhanced under in vivo conditions.
It is worth noting that, because of the nature of our lack of passive distention or collapse of the vessels isolated vessel preparations, confounding effects of neu-rohumoral and metabolic interferences were eliminated. It is possible that these extrinsic factors may either potentiate or attenuate the venular responses to hemodynamic forces in vivo. On the other hand, it must be recognized that not all results from in vitro studies can be extrapolated to the in vivo setting. Further investigations are required to elucidate these questions.
Flow-Induced Responses of Venules Flow-induced dilation has been documented in large conduit arteries in organ systems of various species including humans, e.g., femoral,23-25 brachial,26 cerebral,2728 pulmonary,29 and coronary30-32 circulations. Recently, this phenomenon has also been demonstrated at the arteriolar level of the mesenteric,33 skeletal muscle,34 and coronary613 microcirculations. The present study extends these observations to the postcapillary system and is the first to demonstrate that venular vessels actively dilate in response to an increase in flow ( Figure 2 ). The magnitude of flow-induced dilation (at 10 cm H20 luminal pressure) in isolated coronary venules was approximately 13-15% of the resting diameter (Figures 2 and 5 ). This value was higher than that found in coronary conduit arteries (4-10% dilation above resting diameter)30'32'35'36 but less than that reported in isolated coronary arterioles (29% dilation above resting diameter).613 In the porcine coronary arteriolar network, we have recently found that the relative magnitude of flow-induced responses increases with increasing vessel size up to the level of large arterioles.37 These data support the idea that there are significant segmental differences in the responsiveness to flow of vessels in the coronary circulation38 and suggest that flow-induced responsiveness is greatest at the large arteriole level and progressively lessens in small arteries and venules.
In coronary venules, endothelial disruption eliminated not only the vasodilation but a constriction occurred in response to the increase in luminal flow (Figure 2 ). This reduction of diameter with flow is an active response because it was abolished in the presence of nitroprusside. This flow-induced constriction was not seen in porcine coronary arterioles even in the absence of an intact endothelium13 but was found in isolated segments of rabbit ear arteries and veins either with or without endothelium.39 '40 The venular constriction to flow after endothelial disruption suggests that shear stress may directly act on the luminal surface of the vascular smooth muscle layer. Whether this response is simply due to a direct effect of shear stress on the smooth muscle cell membrane or due to the release of a vasoconstrictor from the vascular smooth muscle cell is not clear. The possibility of washout of tonically released dilator metabolite(s) also cannot be excluded in this study. In addition, in the present study, some intact coronary venules slightly constricted at higher flow rates, suggesting that vascular constriction to flow may have been unmasked, or amplified, in the absence of a functional endothelium. It is also possible that endothelium-derived nitrovasodilators may inhibit the release or production of constricting factor from vascular smooth muscle in response to flow or agonists. In addition to elimination of flow-induced dilation, endothelial disrup-other stimuli; for instance, it converted bradykinininduced dilation to constriction (Figure 4 ).
In conjunction with the denudation results, inhibition of nitric oxide synthesis by the L-arginine analogue L-NMMA (10`M) completely blocked the flow-induced dilation ( Figure 5 ). This inhibitory response was reversed by the administration of L-arginine, a biological precursor for the synthesis of nitric oxide, to the bath ( Figure 5 ). These results suggest that the flow-induced dilation in coronary venules is mainly mediated by the release of a nitrovasodilator from the endothelium. This is consistent with our previous findings in isolated coronary arterioles.6 However, in rat cremaster muscle arterioles, flow-induced dilation was inhibited by indomethacin rather than by L-NMMA, suggesting that a prostanoid was involved.34 To examine whether a prostanoid is also involved in the coronary venular responses to flow, the isolated vessels (n=4) were incubated with the prostanoid synthesis inhibitor indomethacin. An indomethacin concentration of 10-5 M, a necessary dose for blocking prostanoid synthesis in isolated coronary arterioles,6 caused such potent venular constriction that spasm occurred (i.e., complete closure of the lumen). This constriction still occurred after endothelial removal, suggesting that the effect of indomethacin was directly on the venular smooth muscle. For this reason, we were not able to evaluate the involvement of prostanoids in the flow-induced response of isolated coronary venules. However, our results strongly support the idea that a nitrovasodilator other than prostaglandin is the major factor in this vessel system, because flowinduced dilation was completely blocked by L-NMMA and also reversed by its competitive agonist L-arginine ( Figure 5 ). A significant role of prostanoids in modulating flow-induced dilation of isolated coronary venule therefore seems unlikely.
Myogenic Responses of Venules
Conventionally, it is thought that the myogenic response in the venous system plays a minor role in the overall regulation of vascular resistance. We found that coronary venules exhibited a weaker myogenic response than coronary arterioles of comparable size." For example, the observed myogenic constriction was insufficient to decrease diameter below the control value (Figure 3) . Interestingly, the relatively weak myogenic response of venules compared with arterioles occurred despite the presence of similar levels of resting spontaneous tone." Similar observations have also been reported in rat saphenous veins, which show spontaneous tone and weak myogenic responses. 41 The myogenic properties of saphenous vein are evident from the gradual depolarization of venous smooth muscle in response to graded increase in luminal pressures.41 This may serve to maintain an active wall stress and to minimize an increase in venous strain and capacitance during elevation of luminal pressure.4' Although the myogenic response of coronary venules is weak, it may become an important mechanism regulating flow perfusion in a dilated vascular bed, in which veins make an important contribution to total vascular resistance,2 especially to the left ventricular subendocardium.42 It is worth mentioning that the myogenic responses of isolated coronary venules were not altered after endothelial disruption. This finding is similar to our previous tion altered the response of the coronary venuies to findings in isolated coronary arterioles13"18 and also consistent with findings in other vascular beds.38
Physiological Implications
Flow-induced vasodilation of coronary arteries may have important physiological implications for maximizing flow rate during increased myocardial oxygen demand.43 This is supported by a study in humans showing that dilation of epicardial coronary arteries occurs during the increase in blood flow induced by rapid atrial pacing.44 Since the majority of coronary resistance (>55%) resides in arterioles >100 gam in diameter,' the additive effects of flow-induced dilation and myogenic relaxation of arterioles can optimize coronary blood flow and oxygen transport to the tissue during elevation of myocardial metabolic demands.6 It is conceivable that, during elevation of coronary blood flow, capillary pressure would significantly rise, perhaps to levels that would promote edema, if venous resistance is not reduced correspondingly. The present study demonstrates that coronary venules do indeed dilate to increases in flow and may thus possibly contribute to a reduction of postcapillary resistance. Flow-induced dilation in the postcapillary vessels could, therefore, serve as a buffering factor to minimize the elevation of capillary pressure and to prevent tissue edema during metabolic activation.
To support this view, several in vivo whole-organ studies indicate that venous resistance increases as flow falls below normal levels and decreases when flow increases, thus helping maintain a constant capillary pressure and fluid balance.3,4,45 Although these venous resistance adjustments have been suggested to be caused by a passive change in caliber associated with a pressure3,4 or viscosity46 change during flow alterations, direct observations of the skeletal muscle microcirculation indicate that postcapillary venules dilate actively during exercise-induced hyperemia.5 The vasodilation is not due to the inhibition of a-adrenergic vasoconstriction, to stimulation of f-adrenergic vasodilation, or to a pressure effect,5 suggesting that release of an endogenous vasodilator may be responsible. In addition, an active venous vasodilation has also been observed in skeletal muscle during reactive hyperemia induced by a short period (2 seconds) of arterial occlusion, which appears not to activate metabolic mechanisms.47 This reactive dilation was not affected by the inhibition of nitric oxide synthesis. This is consistent with a recent study on the skeletal muscle microcirculation indicating that reactive vasodilation is possibly related to an increase in shear stress, which secondarily elicits prostaglandin, rather than nitric oxide, release from endothelial cells. 34 In contrast to skeletal muscle, the kinetics of nitric oxide release in the coronary circulation have been found to parallel the reactive hyperemic flow response, and inhibition of nitric oxide activity, either by L-arginine analogues or by oxyhemoglobin, significantly attenuates the reactive hyperemia.48 Furthermore, myocardial reactive hyperemia and flow-induced dilation are not affected by a cyclooxygenase inhibi-tor31,49 but are suppressed by blocking nitric oxide synthesis50 in conscious dogs. This is consistent with our findings in isolated coronary arterioles6 and venules (Figure 4 ) that flow-induced dilation is mediated by the Collectively, studies performed both in vitro and in vivo suggest that venules are able to respond actively to flow stimuli by releasing a nitrovasodilator from the endothelium and may thus contribute to the adjustment of postcapillary resistance to maintain a maximum flow perfusion and a proper fluid movement across the capillary wall during cardiovascular stress, such as physical exercise. It is conceivable that, under pathological conditions (e.g., hypertension, ischemia-reperfusion, and atherosclerosis), functional impairment of the endothelium both in the arterioles and venules would influence the effect of flow on vascular resistance. The conversion of venular dilation to constriction after endothelial damage would aggravate the inadequacy of flow supply and oxygen transport to the tissue during intense metabolic demands.
